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Abstract 

We compactify the M-theory proposed by Horava and Witten on a Calabi- 
Yau manifold with boundary S\jZ<i- A no-scale-like Kahler potential, the su- 
perpotential, and the gauge kinetic function are obtained in this 4-dimensional 
Eq x Eg model. We also study the general phenomenological consequences of 
the resulting M-theory-inspired model, which may include very light gravitinos, 
axions, and axinos. 
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1 Introduction 



Recently, Horava and Witten |IJ presented a systematic analysis of eleven-dimensional 
supergravity on a manifold with boundary, that is related to the strong coupling limit 
of the E$ x Eg heterotic string. In this novel theory, many previous successes based on 
conventional weakly-coupled string theory may be preserved. In addition, Witten 
offered an explanation of why Newton's constant appears to be so small when the 
4-dimensional grand unified gauge coupling (ogut) takes experimentally acceptable 
values. It follows that the strengths of all interactions, including gravitation, may be 
naturally unified at the GUT scale, unlike the case of the weakly-coupled heterotic 
string. Many other interesting implications have been studied, such as gluino conden- 
sation and supersymmetry breaking ||, the strong CP problem |4[], threshold scale 
and strong coupling effects || ||, and phenomenological consequences @ which in- 
clude a constrained sparticle spectrum within the reach of present-generation particle 
accelerators. 

In this paper we compactify this theory on a Calabi-Yau manifold with Hodge 
numbers = 1 and 7i(2,i) = and boundary Si/Z 2 . A no-scale-like Kahler po- 

tential ||, the superpotential, and the gauge kinetic function are obtained explicitly. 
In four dimensions this result is related to the previous weakly-coupled string no- 
scale supergravity result by Witten || through a field transformation (Sec. 2), which 
means that they are equivalent in four dimensions. One might then argue that many 
heterotic string models obtained previously may also exist in the M-theory regime. 

In addition, we consider the physical couplings and scales in the Einstein 
frame, the eleven-dimensional metric and fivebrane units, and give the intermediate 
supersymmetry-breaking scale determined by the size of the eleventh dimension of 
this theory || f|, 1,10 for different grand unified theories (Sec. 3). We also 
argue that there may exist a very light gravitino in this scenario, which may explain 



the ee77 + -E/r,miss event [TlJ observed by the CDF Collaboration, and may have some 
further implications at LEP 2. Finally, we comment on very light axions and axinos 
that might exist in this scenario. 

2 Formal derivation 

We follow the notation of Ref . |1[ , in which the bosonic part of the eleven-dimensional 
supergravity Lagrangian is given by 

Lb = h L- dU ' xVd {~l R ~ Ts, G " klG "" L ~3i| e ' 1 ' 2 "' / " C ''.fc'» G w,G,,.. J , 1 ) 

" E T-7^i L^V9\FX B F^ B (1) 
i=i,2 27r(47TK ) a JM i 'i 

where G 11A bc = (d u C A BC ± 23 permutations) + -^5(x ir )uj ABC , A 2 = 27r(47TK 2 ) 2 / 3 , 
and the gauge group at the boundary is E$ x E 8 . 
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To perform the dimensional reduction to five dimensions (with the 4-dimensional 
boundary where the Yang- Mills fields live) under the Calabi-Yau manifold with Hodge 
numbers ^(i,i) = 1 and fo(2,i) = 0, we follow Refs. H [12] and keep only the SU(3) 
singlets in the internal indices: 

9y~v * QyuV j 9ij ^ &ij (2) 

C/iiJ = iC^Sij ; Cijk = C €ijk (3) 

Then, performing the Weyl rescaling: 

-> e- 2a g^ (4) 

and just paying attention to the observable sector, which we assume is at the boundary 
x 11 = 0, we obtain the canonically normalized Einstein action: 

V f ,c ^ ( 1 „ sQ 1 «„ „ „„„„„ — „ „„„ „„ -3<t|q /»/|2 



AC 2 



J ms d 5 x^ (--R - -(d,a) 2 - -e^G^G^ - 27 f^r ~ We'^C' 



(5) 



9 

"2? 



e- 3CT ^(C*,A i C) 2 ) 

i / 



where 



W = d xyg c x c y c > (6) 



2 

/ 5/1 = d 5 C,-d,C 5 + -^=^S(x 5 )(C:D,Cn (7) 



«9 M C" = ^' + ^-^ 5( 5(x 5 )-H/' (8) 

The definitions of the C x , d xyz and / are the same as in the Ref. ||, and V is the 

coordinate volume of the Calabi-Yau manifold, i.e., V = J d 6 x. In addition, the 
(observable) gauge group at the boundary (x 11 = or x 5 = 0) is now Eq with spin 
connection embedding, as in Ref. ||. 

If we define a pseudoscalar D by a duality transformation: 

\/°G, up(T = e fivpaS {d s D + ^V2i6'd 5 C') (9) 
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we have the following Kahler potential in the five- dimensional bulk: 

K = - In [S + S - 72C'C] (10) 

where 

S = e 3a + i2AV2D + 3QC'C (11) 

This Kahler potential parametrizes the S u S (2)xsu(i) q ua t em i° n i c manifold |12], p~3f| . 
Also, D is the invisible axion. 

We now compactify the above 5-dimensional-with-boundary Lagrangian on 
Si/Z 2 . For the fields with 11-dimensional origin, i.e., the fields in the bulk, we keep 
only the zero modes, and considering the boundary condition we can expand S(x 5 ) 
as: 



5{x b 



1 



2vrp vrp n=1 



1 ~ nx 
2^ cos 



P 



(12) 



where p is the coordinate radius of Si, i.e., p = j- J dx 5 . Furthermore, choosing the 
following elfbein form: 



e« 
<p 



and performing the Weyl rescaling: 



9fiu — > V 9 9/u> 



(13) 



(14) 



we obtain the 4-dimensional Lagrangian in the Einstein frame (note that at the bound- 
ary C'=0 and C^ vp = 0): 



^2vrp J d'x^g \-~R - ±e e °G n ^ P G u ^ - ^(<9 A 



4 (p ' 



-54^(^0, - 



6\/2 27rp A 



2 x ^ p 



1 K 



2tt P A 1 



-2 -3a 



4 
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+2^~ 2 ^ 3ff Be a^) 2 ] - 8(^) 2 (^)V 3 >- 3 |w'| 2 



(15) 
(16) 



Finally, if we define g 2 = 2np\ 2 / k 2 and perform the transformation: 

> 9cA p ; C x — > g c C x (17) 
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we obtain the standard supergravity Lagrangian: 

T V ^pJ^x y /g(-\R-y^G^G^-\{d ll af 



h 1 '"' J v " \ 2~~ 12" — ^~»~> ^ y 

-hA V -\d,c b - ^=c* x 5, c*y 

1 R rf\A/' 



4 J 3* cir 1 <9C 

9 

2? 

(18) 

From this expression, neglecting the overall factor ^-27rp, and defining the 
pseudoscalar by the duality transformation: 

^e 6<J G 1W) = e^d^D) (19) 

we obtain the following Kahler potential: 

K = - In [S + S] - 3 In [T + f - 2C*C X ] , (20) 

where 

5 = e 3<T + ^ViD (21) 

and 

T = <p- i6V2C 5 + C* X C X (22) 

Here D and C 5 are the pseudoscalars and the invisible axions 0. In addition, we 
have the following gauge kinetic function: 

Ref a p = fReS5 aP (23) 

and the superpotential W, 



W = 8^g c d xyz C x CyC z (24) 



Furthermore, if we perform the field transformation: 

<p _> ; e CT -> 0"VV (25) 

we obtain S, T fields which are similar to the previous result in Ref . , as noticed in 
the Ref. [pl|. This is an interesting result, and allows us to argue that the weakly- 



coupled heterotic string models derived previously may exist in the M-theory proposed 
by Horava and Witten. The above 4-dimensional results should be related to the 4- 
dimensional results from the weakly-coupled heterotic string compactification by a 
field transformation, although we note that there may not exist a 10-dimensional 
effective field theory (EFT) 0. 



3 Phenomenological consequences 



Let us now discuss the physical couplings and the physical radius of the eleventh 
in the various frames. If we define the Planck mass in d dimensions 



dimension (p p 



as 87cG { $ = M' 2 f a = K 2 d and M 4 = M P1 = 2.4 x 10 18 GeV, from the 11- dimensional 
Lagrangian [Eq. (J])], we have M n = k~ 2 ^ 9 , and from the above 4-dimensional La- 
grangian [Eq. (|II)D 1 in the Einstein frame, we obtain: 



57T 



G 



[«GUt]j 



K 



2%pV 
1 

2V^J 



(AlTK 



2\2/3 



(26) 
(27) 



where V p is the physical volume of the Calabi-Yau manifold, i.e., V p = VReS. Similar 
relations have been obtained by Witten and others [0, [|, |5], || in the metric of the 
eleven- dimensional theory, these are: 



[«gut] 



W 



w 



2-trppVp 

^7 (W)2/3 



(28) 
(29) 



where p p is physical radius, i.e., p p = ^ J rfx 11 y / ^i7JT. We have also included the 
constant /, which arises from the following normalization: if we asssume that the 4- 
dimensional grand unified group is G (i.e., Eg is broken to G) and if T is a generator 
of G, Tte s and Tr^ are traces in the adjoint representations of G and Eg, then 
Tr / s 7 - ./ Tr ( ,7 - . 

Because eleven-dimensional supergravity can be derived from the eleven-dimensional 
supermembrane world volume action by imposing kappa symmetry [[I5j , and there are 
arguments in favor of a membrane / fivebrane duality in eleven dimensions [ 16| , it has 
been argued that the fivebrane units are the natural or fundamental units of M-theory 
10| . Therefore, we also consider the above relations in the fivebrane units [10|, \U 



We continue to use our above notation, i.e., we do not use the membrane quantization 



condition [10], since we want to obtain an explicit expression for p and the eleven- 



dimensional fundamental constant «; the result is the same in both approaches. We 
obtain the relevant 4-dimensional Lagrangian in fivebrane units [lOL DT 



L B = - 
therefore we have: 



d^xi^npVe^e^R + ^(An^y^Ve^tr F^F^) 



(30) 



8tt 



r»(4) 



K 



Jo- 



5B 27i Pp V p 



2V p f 



(31) 
(32) 
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where V p = e 3a V and p p = pe 2 ^^ 3 . We note that in all three cases (Einstein, Witten, 
and fivebrane), a G uT is the same, as the term y/gtr F 2 is invariant under the rescaling 
of in four dimensions. Therefore, we have in general: 

M n = [2(4vr)- 2 / 3 y p /« GUT ]" 1/6 (33) 

If we define V p = L d l e ~ d , ( < d < 6 ), where L~ l is the compactification scale and I 
is the small internal length, we obtain: 



2(47r)- 2 / 3 /«GU T l ' ( ft) M n, (34) 



which tells us that L~ x ~ Mn, when / _1 ~ M\\. 

Let us now discuss p~ l in the eleven- dimensional metric and fivebrane units 
(it is not natural to think of the Lagrangian in the Einstein frame as fundamental). 
We obtain: 



Pp 1 



5B 



8vr 2 (2/a GUT )- 3 / 2 (MpT)"V p - 1 / 2 (35) 
8vr 2 (2/a GUT )- 3 / 2 (Miry 2 V-We-** (36) 



The eleven-dimensional length (iip p ) 1 , is of great phenomenological importance be- 
cause it is related to the scale of supersymmetry breaking || |7|]. To obtain numerical 
results we set M% = Mj,f = M Pl = 2.4 x 10 18 GeV, « G ut = ^, V p = M^ T , and 
Mqut = 10 16 GeV. We also set / = 1 for simplicity and to facilitate comparison with 
previous papers which only consider this case. We find [(7rp p ) _1 ]vK ~ 1.9 x 10 14 GeV 
and [(irp P Y%B ~ 1-2 x 10 13 GeV (as e 2a w 16.6 if we set V' 1 ' 6 = M n ). 

We now relax the / = 1 choice and consider the case of realistic grand unified 
groups. The results for [(Tcppj^^w and [(vrp p )~ 1 ] 5 B for G = E 6 , SO(10), SU(5), and 
SU(5)xU(l) are listed in Table 0. (We have assumed V~ x ^ = Mn in all these cases.) 
We then generally conclude that the supersymmetry-breaking scale is expected to be 
in (10 12 - 10 14 ) GeV range. 

Before addressing further phenomenological features of this scenario, we would 
like to connect up with our previous phenomenologically oriented study of M-theory- 
inspired no-scale supergravity in Ref. 0. In that paper we assumed a supergravity 
model with a no-scale-supergravity-like Kahler potential (implying vanishing univer- 
sal scalar masses m = 0), as suggested by earlier work in Refs. || |J. In the present 
paper we have shown explicitly that such assumption is justified. Moreover, the trans- 
mission of supersymmetry-breaking effects from the hidden to the observable sector 
was assumed to follow the mechanism outlined by Horava 0, whereby such effects 
are only felt for scales below (irpp)^ 1 . Our previous sampling of such scales agrees 
well with our present results in Table |1|. These two ingredients were shown to lead 
to a rather restricted spectrum of superparticle masses within the reach of the present 
generation of accelerator experiments. It is also worth pointing out another, perhaps 
more intuitive, explanation of the mo = result: since in M-theory the observable 
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Table 1: Supersymmetry-breaking scales in the eleven-dimensional metric (W) and 
fivebrane units (5B) for various choices of (observable) unified gauge groups (G). The 
parameter / defined in the text is also listed in each case. All scales in GeV. 



G 


/ 




[{^Pp) %B 


E e 


2.5 


4.9 x 10 13 


5.3 x 10 12 


SO(10) 


3.75 


2.6 x 10 13 


3.8 x 10 12 


SU(5) 


6 


1.3 x 10 13 


2.6 x 10 12 


SU(5)xU(l) 


6 


1.3 x 10 13 


2.6 x 10 12 



sector fields live in the twisted sector of an orbifold, general arguments [ItJ indicate 
that such fields should not feel any supersymmetry-breaking effects. 

Because the supersymmetry breaking scale is low, there may exist light grav- 
itinos in the M-theory regime. As has been explored in detailed recently, such light 
gravitinos may explain the eej'j + -ET,miss event reported by the CDF Collaboration, 
and might have some interesting consequences at LEP2 [|TS|. In this connection, it was 
noticed some time ago that reactions such as gg — > gG,GG (where g,g,G stand for 
gauge boson, gaugino, and gravitino respectively) may exceed the tree-level unitarity 
limit because of the non-renormalizability of the low-energy effective gravity theory 
||19|| . The critical energy was estimated to be E cr ~ cMp\ with c ~ 10 2 . 

As tree- level unitarity is violated for E > E cr , above E cr the theory is expected to 
become strongly interacting or change its structure (or both) in order to restore uni- 
tarity. The eleventh dimension threshold (7rp p ) _1 appears to fulfill such requirements, 
and thus one might require (7rp p ) _1 < E cr , implying a lower bound on 772.3/2 for any 
given supersymmetry-breaking scale. Taken at face value, this constraint and the 
results in Table [1] appear to require m 3 / 2 > (10 2 — 10 4 ) eV, which may be consistent 
with the estimated 777.3/2 < 250 eV required for the x ~ ¥ 7 + G decay to occur within 
the detector |[18|| . However, as we are not sure whether the above unitarity constraints 
can be used directly in M-theory (as they depend on specific processes that might be 
forbidden in this scenario), we find the above level of consistency rather encouraging. 

There also exist axions in this scenario, for example D: if we define e^c^Cn^ = 
we have a (OF^F^) term from {Gu^ p G ll ^ p ). The strong CP problem 
may be solved by such axions [§]]. In this scenario, because the decay constant of 
these axions is very high ~ 10 16 GeV |4], ^(J, their axino superpartners, if they are 
very light, might not provide the alternative explanation to the CDF missing energy 
event proposed in Ref. [ETJ. 
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4 Conclusions 



We have constructed an explicit 4- dimensional E$ x E 8 model from the M-theory 
of Horava and Witten. We have also calculated the physical couplings and physical 
eleventh dimension length, which is presumed to be related to the supersymmetry 
breaking scale. We have done these calculations in various metrics and shown how 
they are all related to each other. Finally we discussed the phenomenological conse- 
quences of such scenario, which may include light gravitinos, axions, and axinos. 
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